The nutritional requirements of two marine bacteria designated as oligotrophic because they could grow on media containing 10 mg of C per liter supplied as peptone and two classified as eutrophic because they could grow only at higher concentrations of C supplied as peptone were examined. Each of the four organisms was found to have its own unique group of compounds which could serve either individually or in combination as sources of carbon and energy for growth. When the peptone in the medium was replaced by another appropriate source of carbon and energy, the difference in the capacity of the organisms examined to grow at 10 mg of C per liter disappeared, and all four organisms could be described as being oligotrophic. Some of the organisms required a low concentration of one specific carbon source but a higher concentration of another. One of the organisms was inhibited by high concentrations of one specific carbon source but not by another. The observations indicate that current methods of enumeration based on the capacity of cells to grow in the presence of high or low concentrations of complex mixtures of nutrients such as peptone do not distinguish between two broad classes of bacteria differing intrinsically in their ability to grow at high and low concentrations of nutrients. Whether two such broad classes exist seems extremely doubtful. Which organisms will multiply in a particular environment will depend on both the specific nutrients available and their concentrations.
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A body of information has accumulated which has led to the conclusion that in marine and fresh water environments two populations of procaiyotes exist; one, consisting of oligotrophic bacteria (9, 10, 13) , grows at very low concentrations of nutrients, and the other, the eutrophic (17) (also called saprophytic [10] , heterotrophic [3] , or copiotrophic [13] ) bacteria, grows only at higher concentrations of nutrients. The oligotrophic bacteria may, on initial isolation, be unable to grow at high concentrations of nutrients; however, on subsequent recultivation, they may grow on richer media (10) .
For the purposes of enumeration, oligotrophic aquatic bacteria have been tentatively defined as bacteria that develop on first cultivation on media with a minimal content of organic matter of either 1 mg (7) or 1 to 15 mg (10) of C per liter, usually supplied as complex mixtures of peptone, Trypticase, and other nutrients. Eutrophic bacteria, on the other hand, have been considered to be organisms able to grow on similar nutrients but at levels supplying 2 or more g of C per liter (3, 19) . The two types of media, differing widely in nutrient level, have been used to determine the distribution of oligotrophic and eutrophic bacteria in the sea (3, 12, 19) and in lake water (8) . In one investigation, oligotrophic bacteria were considered to be those organisms which grew at the lower nutrient level but failed to grow when transferred to the higher level (19) . In another study organisms able to grow only at the lower concentration of nutrients were called obligate oligotrophs, whereas those which grew at both low and high concentrations of nutrients were termed facultative oligotrophs (6, 8) .
In the present study we produced detectable turbidity when the peptone concentration present provided 10 mg of C per liter. The eutrophic bacterium strain RP-303, on the other hand, did not produce a turbid culture below 50 mg of C per liter, whereas strain RP-250 showed growth only when 100 mg of C per liter or more was present in the medium. All of the organisms grew well and to very nearly the same extent when the medium contained 10 g of C per liter (ca. 2.4% peptone). We concluded from these experiments that at least at low concentrations, the organisms responded to our peptone supplements under our conditions in much the same way as they had to the peptone preparation employed by Akagi et al. (1) .
To determine whether maintenance and cultivation of the cells in our laboratory might result in a change in the response of the organisms to peptone with time, the experiment shown in Fig. 1 was repeated at the end of this study. Responses essentially the same as those shown in Fig. 1 were obtained (data not shown).
Use of a buffer in the test medium. The results in Fig. 1 were obtained by using the test medium without MOPS buffer. When chemically defined components were added to the test medium in place of peptone, it became evident that it would be desirable to include a buffer in the medium for pH control. Various buffers were tested over a range of concentrations, and MOPS at 10 mM was selected. Since at this concentration MOPS provided 750 mg of organic C per liter of medium, it was necessary to determine whether the compound could be used as a C source for growth by the organisms. When the four organisms were grown at various suboptimal concentrations of peptone in the basal test medium, none of them showed additional growth when 10 mM MOPS buffer was added, nor was the buffer toxic at this concentration (data not shown). For these reasons MOPS buffer was included in the test medium in all subsequent experiments.
Growth responses with single carbon sources. Various individual amino acids and tricarboxylic acid cycle intermediates were tested as sole sources of carbon and energy in APPL. ENVIRON. MICROBIOL.
on August 27, 2017 by guest http://aem.asm.org/ Downloaded from the test medium for the growth of the two oligotrophic and the two eutrophic organisms. The oligotrophic bacterium 0-81 failed to grow with any carbon source tested singly added to the medium. Table 1 lists the compounds tested which permitted growth of one or more of the other three bacteria. The results indicate that when the substrates added supplied 10 mg of C per liter, all of the compounds listed permitted the oligotrophic bacterium strain 486 and the eutrophic bacterium strain RP-250 to give rise to spectrophotometrically detectable turbidity in the test medium. The eutrophic strain RP-303 grew at 10 mg of C per liter with three of the compounds tested but not with the other five. When the substrates were provided at 1,000 mg of C per liter, the two eutrophic bacteria RP-250 and RP-303 grew with all of the substrates, whereas the oligotrophic bacterium 486 grew with five of the eight compounds tested. Arginine, leucine, methionine, and sodium glycolate were also tested and failed to support growth of any of the organisms (data not shown).
The growth yields of the eutrophic bacterium strain RP-250 at increasing concentrations of carbon supplied as either glutamate or succinate are shown in Fig. 2 . The response of the organism to peptone (shown in Fig. 1 ) is included for comparison. Both glutamate and succinate supported growth when added at a concentration providing 10 mg of C per liter, and they gave a better growth yield than peptone per unit of carbon supplied over the whole range of concentrations tested.
The growth yields of eutrophic bacterium RP-303 at increasing concentrations of C supplied as either glutamate or succinate are shown in Fig. 3 . When glutamate but not succinate served as the carbon source, growth was detected at 10 mg of C per liter. At higher concentrations of succinate, however, the cell yield per unit of C added was essentially the same as with glutamate and much higher than that obtained with peptone.
The growth yields obtained with the oligotrophic bacterium strain 486, using various carbon sources, are shown in Fig. 4 . All of the carbon sources produced detectable turbidity when providing 10 mg of C per liter. Above this concentration aspartate, succinate, and proline each provided a greater cell yield than did peptone per unit of C added at all concentrations tested except the highest. At concentrations providing 5 g of C per liter, succinate and aspartate but not proline inhibited growth.
Although the oligotrophic bacterium 0-81 failed to grow in the test medium supplemented with single amino acids or tricarboxylic acid cycle intermediates, it grew well when the medium contained a mixture of 18 amino acids, the composition of which has been described previously (11) . Amino acids were removed from this mixture one at a time to determine the minimum number required for growth. This led to the finding that a combination of L-alanine and Lmethionine would support growth of strain 0-81, and the further addition of L-leucine improved the growth yield. These two minimal mixtures both gave better growth yields than peptone at 10 mg of C per liter, and the mixture of three amino acids produced a greater cell yield than peptone per unit of carbon supplied over most of the range of carbon concentrations tested (data not shown).
Response to carbohydrates. When the oligotrophic and eutrophic bacteria were tested for their capacity to grow on various carbohydrates as carbon and energy sources in the test medium, the results shown in Table 2 mg of C per liter to the medium (data not shown). The oligotrophic bacterium 0-81 failed to use any of the carbohydrates to any appreciable extent when these were present alone in the medium, but glucose, galactose, and maltose and to a lesser extent sucrose produced additional growth when added to a medium containing insufficient peptone for a maximum cell yield. The two eutrophic bacteria RP-250 and RP-303 differed from the oligotrophs in not being able to utilize any of the carbohydrates at the concentration tested in the absence of peptone and showed either no capacity or only a very slight capacity to use carbohydrates in the presence of peptone.
The growth yields of oligotroph 486 at various concentrations of glucose are shown in Fig. 5 . It is evident that at concentrations providing up to 1,000 mg of C per liter, growth yields per unit of carbon were greater with glucose than those obtained previously with peptone.
Other differences in growth requirements. Both of the eutrophic bacteria, RP-250 and RP-303, grew to the same extent with either NH4Cl or NaNO3 as the source of nitrogen in the test medium. The oligotroph 486, on the other hand, grew very well with NH4Cl but to only a very limited extent with NaNO3 as the nitrogen source (data not shown).
Since all gram-negative marine bacteria thus far examined have been found to require Na+ for growth (14) , it was of interest to determine whether such a requirement extended to the four organisms examined in this study. A chemically defined medium suitable for the growth of all four organisms was prepared by adding alanine, methionine, and glutamate, each providing 1,000 mg of C per liter to the basal test medium. All of the organisms grew in this medium when 0.3 M NaCl was present but not when 0.3 M KCI replaced the NaCl. When 0.3 M LiCl was added in place of NaCl, the oligotrophic bacterium 486 grew, although less well than with NaCl. None of the other organisms used Li' in place of Na+. DISCUSSION The difference in the capacity of the organisms examined in this study to grow at 10 mg of C per liter when the carbon source in the medium was peptone disappeared when the peptone was replaced by other appropriate sources of carbon and energy.
Examination of the nutrient requirements for growth of each of the four organisms has revealed that each organism has its own unique group of compounds which can serve either individually or in combination as sources of carbon and energy for growth. Two of the organisms, oligotroph 486 and eutroph RP-250, grew on the same amino acids and tricarboxylic acid cycle intermediates tested but differed in their ability to use carbohydrates. The eutroph RP-303 was distinguished from the oligotrophs by its inability to use carbohydrates and from RP-250 because some of the carbon sources it could utilize did not serve as carbon sources at low concentration. The oligotroph 0-81 was unique in that a combination of amino acids was required for growth by this organism.
It seems evident from these observations that whether an organism is able to grow at a low concentration of peptone in the medium would depend on whether the level of peptone tested supplied those specific nutrients which the organism could utilize for growth at concentrations at which growth could be detected. One could not conclude that because an organism is able to grow at a low level of peptone that it possessed an intrinsic capacity to grow at a low concentration of organic material.
Results with organism 486 (Fig. 4) reveal that not only does this organism have specific carbon sources on which it will grow, but two of the carbon sources (succinate and aspartate), although not a third (proline), were inhibitory for growth at high concentrations. Thus, this organism was specifically inhibited by high concentrations of some organic compounds but not by others, and if a particular peptone preparation were to contain the inhibitory compounds at high concentrations, then such a peptone at a high concentration might be expected to inhibit the growth of this organism. The fact that such a peptone at a high concentration inhibited growth of the organism, however, would not mean that this organism was intrinsically sensitive to high concentrations of organic material and therefore classifiable as an obligate oligotroph.
The concentration of a limiting nutrient permitting detectable growth of an organism can vary depending on the method used for growth detection. When optical density measurements are used, it requires about 107 cells per ml to obtain turbidity detectable with an ordinary laboratory spectrophotometer. As has been pointed out previously (20, 21) , the amount of carbon in the form of a metabolizable carbon source needed to produce the number of cells required to give detectable turbidity in a clear liquid medium can be readily calculated. For 107 cells per ml one would require about 2.5 mg of C per liter supplied as a usable carbon source. If growth was detected as colonies on an agar medium and assuming that a colony contains 107 cells (5), one can calculate that when the medium contained 2.5 mg of C per liter as a metabolizable carbon source, each milliliter of agar medium would contain sufficient nutrient for 1 colony, and only 15 to 20 colonies could appear on a plate. If growth was detectable at appreciably lower concentrations of added C, one would have to assume that nutrient was being supplied as a contaminant by other components of the medium such as the agar present. Thus, the unsupplemented seawater agars which supported the growth of so-called "low-nutrient bacteria" (4, 12) would have had to contain higher concentrations of usable nutrients than are normally present in seawater to enable visible colonies to form on the agar. When one detects growth by measuring changes in numbers of viable cells in a liquid medium by using the plate count technique (18, 20) , the concentrations of nutrients required to produce detectable increases in cell numbers are at least two orders of magnitude smaller than those needed to produce turbidity in a liquid medium or colonies on a solid medium. Thus, using plating techniques, Zobell and Grant in 1943 were able to show that Escherichia coli, Staphylococcus citreus, Bacillus megatherium, Proteus vulgaris, and Lactobacillus lactis multiplied in solutions containing 0.1 mg of glucose (supplying 40 ,ug of C per liter) (21) . Lower concentrations were not tested for technical reasons. More recently, Pseudomonas aeruginosa has been shown to grow in tap water at 25 ,ug of C per liter supplied by any one of a number of compounds (17) , and Aeromonas hydrophila multiplied when C supplied as glucose was added at 10 ,ug/liter (18) . These organisms are ordinarily not considered to be oligotrophs, yet they more than qualify when the current definition of an oligotroph as an organism which can grow in a medium containing nutrient supplying 1 to 15 mg of C per liter is applied.
A concentration of nutrient supplying 1 to 15 mg of C per liter is several orders of magnitude greater than has been shown to be present in seawater. Glucose concentrations in the euphotic zone across the Atlantic Ocean were determined to provide <2 to 78 ,ug of C per liter (16) . When the kinds and concentrations of amino acids in marine surface water samples were examined, the total free amino acids were found to be present at an average concentration of 60 ,ug/liter (supplying ca. 25 ,ug of C per liter) (15 
